An endocrine disrupter, bisphenol-A is widely used in t he product ion of plast ics and coating s. Recent ly, it was reported that bisphenol-A affected neurotransmitters in the mammalian brain. On t he basis of these reports, it was considered that bisphenol-A affected neuronal different iat ion. In t his study, the morphological changes in nerve growth factor (NFG)-induced different iat ion caused by bisphenol-A were confir med using a PC12 cell system. When a low concentrat ion of bisphenol-A was added to medium containing NGF, it inhibit ed neurit e extension. In addit ion, to clarify whether bisphenol-A affects the early and late stages of the NGF-signaling pathway in cell different iat ion, changes of phosphorylat ion of MAP kinases and cAMP-response element binding protein (CREB) in PC12 cells treated with and wit hout BPA in medium containing NGF were invest igated using western blot analysis. As results, bisphenol-A significant ly inhibit ed phosphorylat ion of CREB and ERK1/2 MAPK.
Introduction
Some pest icides and industrial chemicals can affect animal physiolog y by mimicking the effects of endogenous hormones. Several of these compounds have been shown to have estrogenic act ivit y by in vitro and in vivo bioassays [1, 2] . One such endocrine disrupter, bisphenol-A (BPA) is widely used as a monomer for the product ion of plast ics, resin s and coatings that are extensively used in the food -packaging industry and dent istry [3] . Mariscal-Arcas et al. [4] reported that BPA remained of concern, given the proven undesirable effects of low -level exposure and higher suscept ibilit y of pregnant women. Le et al. [5] reported that BPA was found to migrate from polycarbonate water bottles at rates ranging from 0.20 ng/h to 0.79 ng/h. They described that exp osure to boiling water increased the rate of BPA migrat ion by up to 55 -fold. Miyamoto and Kotake [6] estimated that 95% confidence intervals for the daily int ake for high-exposure populat ions were est imated to be 0.037 -0.064 µg/kg/day for males and 0.043-0.075 µg /kg/day for females. The relat ively low affinit y of BPA for nuclear estrogen receptors (ERs) and its weak bioact ivit y in standard tests of estrogenicit y [7] led to the co nsiderat ion that BPA had negligible effects in human. However, exposure to BPA could have adverse effects on humans because of their ubiquitous presence in the environment and potent ial for accumulat ion in brown adipose tissues [8] .
Lee et al. [9] reported that BPA could be detected in umbilical cords, suggest ing it s transfer to fetuses. Kubo et al. [10] also reported that the current methods to determine the no observable adverse effect level (50 mg/kg per day) of art ificial industrial chemicals may not be sufficient to detect disrupt ion of sexual different iat ion in the fet al brain. Durando et al. [11] reported that prenatal exposure to a low dose of BPA perturbed mammary gland histoarchitecture and increased the carcinogenic suscept ibilit y to a chemical challenge administered 50 days aft er the end of exposure. Dekant and Volkel [12] reported human exposure to BPA by 4 bio monitoring including the ways of exposure to it and assessment of environmental exposures. Even at doses below the supposedly safe daily limit for human exposure (US Environmental Protection Agency) BPA impairs the synaptogenic response to 17ß-oestradiol (E2) in t he hippocampus of the ovariectomised rat [13] . Palanza et al. [14] summarized that during fetal life the intrauterine environment is crit ical for the normal development, and even small changes in the levels of hormones, such as estradiol or estrogen-mimicking chemicals, can lead to changes in brain funct ion and consequent ly in behavior. In addit ion, a low dose of BPA prevented the synaptogenic response to testosterone in t he adult rat brain [15] . Yoneda et al. [16] found that prenatal exposure to BPA led to a reduction of dopamine content in the mouse brain. They used a PC12 cell system and concluded t hat the reduct ion of dopamine depended on an increase of dopamine release in neuronal cells exposed to BPA. Lee et al. [17] reported an estrogen receptor-independent neurotoxic mechanism of BPA, because t he cell vulnerabilit y to BPA was not significant ly different in PC12 cells overexpressing estrogen receptor (ER) and ER. In addit ion, these reports suggest that BPA affects the development, funct ion, and morphology of the brain.
Rat pheochromocytoma PC12 cell line have been extensively used as model systems for the study of tumorigenesis, apoptosis and neurodegenerat ive diseases. Nerve growth factor (NGF) act ivat io n of the Ras/ERK pathway leads to the phosphorylat ion and act ivat ion of RSK2, which then phosphorylates c AMP-response element -binding protein (CREB) at Ser-133 [18] . In addit ion, NGF was found to activate p38/MAPK and its downstream effector MSK1 or MAPKAP kinase 2, which may t hen catalyze CREB phosphorylat ion. Thus, a variet y of signaling pathways have evolved that can trigger CREB phosphorylat ion and thereby act ivate immediate-early gene (IEG) transcript ion [19] .
On the basis of these reports concerning P C12 cells and neuronal different iat ion, it was considered t hat BPA affected neurite outgrowth in PC12 cells. The neurit e outgrowth in PC12 cells has been confirmed to be regulated by the mitogen-act ivated protein kinases (MAP kinases) and CREB [20, 21] .
In this study, to invest igate whether BPA is harmful to organism, the morphological changes in NGF-induced different iat ion caused by BPA were examined using a PC12 cell syst em. In addit ion, changes of phosphorylat ion of MAP kinases and CREB in PC12 cells treated wit h and wit hout BPA in medium containing NGF were invest igated using western blot analysis to clarify whet her BPA affected the early and late stages of the NGF-signaling pathway. relate to ER reaction, 10 ng/ml E2 or 100 ng/ml 17α-e t h y n y l e s t r a d i o l was added into the medium wit h N G F a n d B PA . In addit ion, the growth of neurite was evaluated by Neurit e Outgrowth Assay Plus Kit (Millipore) using ant i-tubulin ant ibody according to their instruct ion manual. I n t h i s s t u d y, t h e B PA c o nc e n t r a t io n i n t he m e d i u m c ho s e n w a s 1 0 n g / m l b e c a u s e t he r e l e a s e d B PA i n t h e b a b y b o t t l e s r a ng e d 2 . 4 -1 4 . 3 µg / k g w he n f i l l e d w i t h bo i l e d w a t e r a n d l e f t a t a m b i e n t t e m p e r a t u r e fo r 4 5 m i n [23] . In addit ion, Jeng et al. described t hat 17.52 nM BPA (equivalent to 4 ng/ml) detected in serum affected extracellular-regulated kinases [24] . mg/kg [25, 26] . Then in this study, high exposure of BPA was selected as 500 ng/ml.
Materials and methods

Materials
E f f e c t s o f B PA i n P C 1 2 c e l l s that re s p o n d ed t o N G F
Cytotoxicity assays
The cytotoxicit y of BPA was evaluated using a cytotoxicity detect ion kit based on the detect ion of lactate dehydrogenase (LDH) act ivit y released from dead cells [27] . The cell-free supernatants of the culture media containing 1% FBS after centrifugat ion of the media for the PC12 cells treated with 0.001 to 50,000 ng/ml BPA were collected and then transferred to mult it iter plates. A substrate mixture containing tetrazolium salt s was added to the wells, followed by incubat ion for 0.5 hr. The formazan dye formed was quant itated by measuring the absorbance at 450 nm.
Western blot analysis using antibodies against signal transduction factors
Cells were treated with 50 ng/ml NGF for various times aft er tr eatment wit h BPA in medium containing 1% FBS for 24 hr. The extract ion was 8 performed according to the met hod of Numata et al. [28] . The sample solut ion was heated for 10 min at 100°C and centrifuged for 5 min at 4˚C before analysis by western blott ing. The treated lysate was separated by polyacrylamide gel electrophoresis [29] , and transferred to nitrocellulose membranes wit h a type-AE6678 semidry blott ing system ( ATTO, Japan).
The membranes were incubated for 1 hr at room temperature in 40 mM
Tris-HCl buffer, pH 7.4, containing 150mM NaCl and 2% blocking reagent. Tris-HCl, pH 7.4, and 150mM NaCl. Protein bands that responded to ant ibodies were detected wit h an enhanced chemiluminescence system using ECL-plus kit (GE Healt h Care Bioscience, UK). Each experiment was repeated at least three t imes.
Microscopic detection of CREB and phospho-CREB in PC12 cells treated with BPA and NGF
Cells were cultured on sterilized coverslips in 6-well plates and treated wit h 50 ng/ml NGF for various times after treatment wit h BPA in medium 
Statistical analysis
In all figures, each value is expressed as mean SEM. Stat ist ical analyses were performed using one-way analysis of variance (ANOVA)
wit h the Tukey-Kramer post hoc test . The test was performed only when the result s of ANOVA were p<0.05. An InStat for Macintosh (GraphPad Software, U.S.A.) was emplo yed for the statist ical analysis.
Results
E f f e c t s o f B PA a n d E 2 o n N G F -i n d u c e d d i f f e re n t i a t i o n o f P C 1 2 c e l l s
To e x a m i n e w h e t h e r B PA a nd E 2 a f f e c t ed c e l l d i f f e r e nt i a t io n , m o r p ho lo g i c a l c h a n g e s o f P C 1 2 c e l l s t r e a t e d w it h B PA w e r e r e p r e s e nt a t i v e l y o b s e r v e d , a s s ho w n i n F i g . 1A. I t i s w e l l 
( F i g . 1 A-e) . The same tendency was confirmed in the experiments o f neurite outgrowth measurement in the same condit ion (Fig. 1B) . Alt hough neurite outgrowth in PC12 cells was significant ly increased by addit ion of NGF, this increasing was hardly observed by the treatment of BPA. In addit ion, there was no effect of E2 on decreasing of neurit e outgrowth like as BPA.
To
t r e a t e d w it h 17α-e t h y n y l e s t r a d i o l , a n a g o n i s t o f E R a s s ho w n i n 
BPA accumulated in the nuclei and cytosol of PC12 cells in cultured BPA-treated-medium
To evaluate the contents of BPA taken int o the PC12 cells cult ured in 10% FBS-medium containing 10 or 500 ng/ml BPA, intracellular contents of BPA in the PC12 cells were measured using a BPA ELISA kit. As shown in Fig. 3A , BPA was detected in t he cyt osol and nuclei in PC12 cells treated wit h 10 and 500 ng/ml BPA. In the case of treat ment wit h 500 ng/ ml BPA, BPA contents in cytosol were significant ly higher than those in nuclei. As shown in Fig. 3B , the detected BPA contents in nuclei were almost constant during the t ime course. On the other hand, BPA contents in cytosol slight ly decreased from 24 to 72 hr. The se result s indicated that BPA accumulated in the cells, but was thought to be degraded gradually.
Analysis of cytotoxicity of BPA to PC12 cells
To examine whet her the observed inhibit ory effects on cell different iat ion ( Fig. 1) were caused by cyt otoxicit y of BPA in t he medium wit h a low content of FBS, the cytotoxicit y of BPA and E2 to PC12 cells was est imated using a non-radioact ive cyt otoxicit y assay. BPA or E2 in concentrations ranging from 1 pg/ml to 50 µg/ml was added to the medium for the PC12 cell cult ure, and t he LDH act ivit y in the medium was measured at 72 hr after the addit ion of BPA or E2. Although LDH act ivit y in the medium of PC12 cells treated with a high concentration of BPA (>50 µg/ml) increased significant ly, the act ivit y did not change significant ly in the medium of PC12 cells treated wit h 10 pg/ml to 1 µg/ml BPA (Fig. 4A) .
Similar results were obtained in t he case of PC12 cells treated wit h E2 (Fig.   4B ). These results indicated that the inhibition of cell different iat ion was not due to the cytotoxicit y of less than 1000 ng/ml BPA or E2 .
BPA inhibits the MAP kinases, but not TrkA in NGF-induced neuronal differentiation of PC12 cells
To confirm where BPA affect ed the signaling pat hway of neuronal different iat ion, the effect of BPA on act ivate d CREB was invest igated using western blotting and immunohistochemistry (Fig. 5) . NGF st imulated phoshorylat ion of CREB ( . In histochemical analysis t he same tendency was observed (Fig. 5D ). FITC signals depending on ant i-phospho-CREB appeared wit h addit ion of NGF to PC12 cells (Fig. 5D-c) . These signals disappeared after treat ment wit h BPA (Fig. 5D-d ).
To observe t he phosphorylat ion of the ERK1/2 MAPK in t he upstream of the CREB signaling pat hway in PC12 cells treated wit h BPA and E2, an ant ibody against phosphorylated ERK1/2 was used. The phosphorylat ion of ERK1/2 in PC12 cells treated wit h 10 ng/ml BPA was significant ly inhibited (Figs. 6A and C), alt hough the contents of ERK1/2 protein were not changed by BPA treat ment (Figs. 6B and C). Phosphorylat ion in response to NGF is known to reach a maximum 5-10 min aft er NGF treatment [31] . Independent ly of the BPA incubat ion time, the phosphorylat ion was significant ly inhibited by the BPA treat ment ( data not shown). These result s suggested that the react ion to BPA occurred immediately. In contrast to the Erk subgroup of the MAPK superfamily, which is act ivated by mitogens and growth factors, the p38 and JNK subgroups of the MAPK family are believed to be st imulated primarily by proinflammatory cytokines and cellular stress [32, 33] . An examinat ion of whether PC12 cell treat ment wit h NGF led to p38 or JNK act ivit y in the copresence of BPA was carried out. Signals of the phosphorylat ion of p38 ( 7C and D), or the NGF-induced phosphorylat ion of TrkA, which is a receptor for NGF (Fig. 7E ). These result s suggested that BPA inhibited the phosphorylat ion of ERK1/2, which plays a key role in t he cell signaling 13 pathway of NGF-induced different iat ion, and did not affect the NGF receptor. On the other hand, E2 did not inhibit phosphorylat ion of ERK 1/2 (data not shown).
Discussion
The present study demonstrated that BPA at a low concentrat ion inhibited morphological changes due to cell different iat ion. To study the cell different iat ion, an in vitro model system using rat PC12 cells was utilized, since PC12 cells treated wit h NGF have been extensively used as model cells for studying the nervous system and neuronal different iat ion [34, 35] . As shown in Figs. 1 and 2 , when BPA was added to the medium containing NGF, it dramat ically inhibited neurite extension. The inhibitor y effect of BPA was considered to be suppressed phosphorylat ion of ERK1/2 MAPK in the signaling pathway ( Fig. 6) , which involves protein kinases that are important in regulat ing the growth and different iat ion of PC12 cells [36] . Similar studies of inhibitory or induct ive effects through phosphorylat ion of the MAPK signaling pat hway have also been demonstrated using PC12 cells [34, 37] . For example, the enzymat ic act ivit y of phospholipase C-gamma1 is at least part ially involved in t he blockage of neuronal different iat ion via abrogation of MAPK act ivat ion in PC12 and PLC-γ 1 cells [37] . Previously, it was reported that PC12 cells exposed to chronic cocaine treat ment ha d prolonged c-fos expression, which was linked to the cells' inability to develop and maintain neurite-like processes [34] .
Alt hough BPA was present in PC12 cells t reated wit h it (Fig. 3) , BPA it self did not show cytotoxicit y to the cells ( Fig. 4) . Thus it was supposed that BPA-inhibit ed different iat ion in PC12 cells treated with NGF was independent of it s cytotoxicit y.
There are three dist inct MAPK cascades; ERK1/2 MAPK, p38/MAPK, and c-Jun kinases (JNK/MAPK), also called stress-act ivated protein kinases [38] . It is known that binding of NGF to its receptor t yrosine kinase (TrkA) act ivates the Ras/Raf/MEK/Erk/RSK/CREB pathway, which is also called the Erk1/2 MAPK pat hway. JNK/MAPK and p38/MAPK are believed to be st imulated primarily by proinflammatory cytokine s and cellular stress [32, 33, 39] . However, certain growth factors have also been reported to activate the JNK/MAPK and p38/MAPK pathways. In addit ion, it has been demonstrated that exposure of PC12 cells to NGF induces the p38/MAPK pathway, which then leads to CREB [18, 40] , alt hough it is revitalized by oxidat ive stress [32] . JNK act ivit y was not significant ly enhanced by NGF treat ment, alt hough it was strongly st imulated by UV irradiat ion. On the basis of those result s, BPA inhibit ion of neuronal different iat ion was considered to depend on some changes in the NGF signaling pat hway.
In this case, two possibilit ies were considered: one was that BPA suppressed protein kinase expression, and the other was that BPA inhibited phosphorylat ion of the protein kinases. As shown in Fig. 6 , the ERK1/2 protein contents detected by western blot analysis were hardly changed by BPA and NGF treat ment. Second, in this study the act ivated states of those ERK1/2 kinases were invest igated using ant ibodies against phosphokinases.
It was noted that the phosphorylat ion of ERK1/2 was markedly inhibited by BPA as compared wit h that from PC12 cells treated wit h NGF alone (Fig. 6 ). Phosphorylated CREB was decreased by BPA treat ment (Fig.   5 ), whereas phosphorylated p38 and JNK were hardly changed by exposure to BPA (Fig. 7) . After NGF-induced different iat ion of PC12 cells treated wit h BPA, phosphorylat ion of TrkA and MEK1/2 was not changed as compared wit h NGF treat ment alone (Figs. 7C-E).
As BPA is known to be an endocrine disrupter, whether E2 inhibited phosphorylat ion of ERK1/2 MAPK was invest igated. The phosphorylat ion of ERK1/2 in PC12 cells treated wit h NGF and E2 was hardly changed (data not shown). The difference between BPA and E2 concerning the inhibitory effects on the NGF-induced different iat ion in PC12 cells was thought not to depend on t he estrogenic action mediated by ERs (Fig. 2) .
Recent ly, -and -subunit s of ERs were confirmed to be expressed in PC12 cells [41, 42] . The act ivit y of ß -subunit s as ERs is not as strong as that of α -subunits. From t his viewpoint, it is difficult to consider that the effect of BPA found in this study was mediated by ERs. This idea is in good agreement wit h a recent report of Lee et al. [17] , who described an estrogen receptor-independent neurotoxic mechanism of BPA, because t he cell vulnerabilit y to BPA was not significant ly different in PC12 cells overexpressing t he -and -subunit s of the estrogen receptor compared wit h PC12 cells expressing a vector alone.
On t he other hand, many researchers have reported that BPA affects the development, funct ion and morphology of the brain. For example,
MacLusky et al. [13] have reported that BPA, even at doses below the safe daily limit for human exposure, impairs the synaptogenic response to E2 in the hippocampus of the overiectomised rat , and that a low dose of BPA prevents the synaptogenic response to testosterone in the adult rat brain [15] . In addit ion, prenatal exposure to BPA leads to a reduction of dopamine content in the mouse brain [16] . Ogiue-Ikeda et al. [43] also proposed that even a nanomolar dosage of endocrine disruptors such as BPA could induce significant effects on memory processes on the basis of their invest igat ion of the hippocampus. The BPA inhibited the growth of neurite ( Figs. 1 and 2 ). Our study showed that this inhibit ion was caused by inhibit ion of phosphorylat ion of ERK1/2 (Fig. 6 ). However it does not direct ly explain t he dysfunct ion of brain caused by BPA because our experiment was done wit h in vitro system. Further invest igat ion will be needed to clarify the relat ionship between BPA and brain funct ion.
Conclusion
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The present study revealed the mec hanism of the inhibitory effects of 
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